ABSTRACT: Certain types of joint injuries, common in athletes, are known to have a high association with the development of osteoarthritis (OA). Post-traumatic osteoarthritis (PTOA) is especially debilitating due to its earlier onset than traditional OA, and its predisposition to affect a younger and more active population. Five common athletic injuries have been demonstrated to be risk factors for the development of OA. These include ACL rupture, meniscus tear, glenohumeral instability, patellar dislocation, and ankle instability. Though the mechanisms responsible for the development of PTOA are not entirely clear, certain kinematic, biologic, and mechanical factors have been implicated. In addition, there has been an increased emphasis on development of new methods to detect early OA changes in patients with known risk factors, as early intervention may prevent the development of end-stage OA. New imaging modalities as well as the identification of specific biomarkers may allow earlier detection. Though these developments hold promise, it is not entirely known what steps we can take today to prevent the future development of OA, even with early detection.
Post-traumatic osteoarthritis (PTOA) is an especially debilitating form of osteoarthritis (OA) because of the type of patient affected: Patients who develop PTOA are generally younger healthier, and more active than patients who develop idiopathic OA. As such, the nature of the disease, combined with the limitations in current treatment, results in a patient population suffering from symptomatic OA at a much earlier age and requiring surgical intervention earlier in life. In fact, patients with a history of previous knee surgery underwent total knee arthroplasty on average 7 years before those without, and patients with a history of knee ligament reconstruction underwent total knee arthroplasty on average 9 years prior to patients with a history of other previous knee surgery. 1 Likewise, because patients suffering from PTOA tend to be more active than idiopathic OA patients, they place higher demands on their joints and may require earlier and more frequent surgical interventions. In addition to the decrease in quality of life for the patient, PTOA poses a significant societal burden as well. Up to 12% of arthritis cases are caused by PTOA (roughly 12.7 million people), costing the healthcare system upwards of $3 billion dollars annually. 2 Five common athletic injuries have been identified as placing patients at greater risk of developing PTOA. These include ACL rupture, meniscus tear, shoulder dislocation, patellar dislocation, and ankle instability. [3] [4] [5] [6] [7] [8] Despite intensive research, a way to prevent PTOA progression following these injuries remains elusive. A major reason for this is the complexity of how cartilage interacts and responds to external factors. A true understanding of PTOA cannot be fully explained by evaluating only one variable and its effect on cartilage health. It is becoming more evident that OA progression is a result of a combination of biologic, mechanical, and structural factors. 9 These three factors work in unity to maintain cartilage homeostasis, and alterations to any one of these considerations that cannot be appropriately compensated for by changes in others, will result in poor cartilage health and, potentially, OA development.
One of the primary challenges for clinicians tasked with the implementation of potentially preventive strategies is the absence of sensitive techniques to detect early-stage OA. This deficiency, combined with limitations in our understanding of the biologic and mechanical processes responsible for the progression of PTOA, present challenges for the clinician evaluating and managing patients with injuries that are associated with a high-risk for developing PTOA. In this paper, we will review the incidence of common injuries which progress to PTOA, examine the current understanding of the mechanisms thought to be responsible for PTOA, as well as evaluate current diagnostic methods for detecting early OA. Lastly, we will assess the clinical implications of our current understanding, focusing on the implications for patient care. estimated at 0.8 per 1,000 people, though this number is likely much higher in younger, more athletic populations. 11 Gender is an important risk factor with younger women roughly twice as likely to suffer ACL rupture than young men. 12 It is estimated that anywhere between 80,000 to 250,000 ACL ruptures occur annually, and the majority of them are under the age of 30. 10, 13, 14 The effects of these injuries left untreated are wellknown; roughly 50% of ACL injured knees progress to OA within 5-15 years after the initial injury.
15-17 ACL reconstruction remains a clinically favorable treatment in the short to medium term, resulting in low complication rates and highly predictable improvements in knee stability. 18 Despite these encouraging clinical results, ACL reconstruction does not reliably alter the natural history of PTOA in the ACL-injured knee, as long-term studies demonstrate that around 50% of patients who have their ACL reconstructed develop OA within 12-14 years. 19, 20 Meniscus Meniscus tears are the most common knee injury, and the second most common structure damaged in athletes, with an estimated prevalence (as determined by number of patients requiring surgery) of 2.5 to 8 times more common than ACL tears. 3, 10, 21, 22 One Danish study places the incidence of meniscal tears at 70 per 100,000 people per year, though this is often thought to be an underestimate. 3, 21 Tears are roughly twice as common in men than women, and are more likely to be traumatic in nature in males than in females. 22, 23 Meniscus tears have been highly linked the development of PTOA and are a major independent risk factor for progressive OA. [24] [25] [26] Meniscus tears commonly occur in a bimodal distribution, generally in two clinical settings: The young, healthy athlete with an acute traumatic tear, and the older patient with a degenerative non-traumatic tear. Because degenerative tears are more common, less likely to be operated on, and do not always have a clear precipitating event, estimating the incidence of meniscal tears is challenging. However, as the number of people actively participating in recreational sports increases, especially ones that require quick lateral movements such as soccer, basketball, and skiing, the number of acute meniscus tears will increase. 10 Shoulder Shoulder instability is a common problem affecting young patients who are active, especially those who participate in overhead or throwing sports, as well as contact/collision sports. 4 Roughly 1.7% of the general population experiences an episode of traumatic anterior glenohumeral instability. 27 An older study from Mayo Clinic, which analyzed the incidence of shoulder dislocation in the general population found that it occurred at a rate of 0.08 per 1,000 person-years. 28 However, Owens et al. demonstrated that this incidence is significantly higher in younger more physically active patients. By analyzing records from active US military personnel, they found that the incidence of shoulder dislocation was 1.69 per 1,000 person-years, a rate that was much higher than previously quoted in general population studies from the United States and Europe. 29 Sex was found to be a significant independent risk factor, with the male: Female ratio of dislocation found to be anywhere from 2:1 to 6:1.
28,29 Likewise, younger age also was determined to be a risk factor for dislocation. 29 Shoulder instability represents an especially difficult problem as, if left untreated, the recurrence rate in a highly active population has been estimated to be well over 50%. 30 In addition, recurrent shoulder instability has been linked to the development of OA. 31 Indeed, a recent prospective study done by Ogawa et al. found that 26.3% of patients undergoing surgical stabilization for recurrent instability already demonstrated early signs of OA on CT scan at the time of surgery. 32 Evidence such as this suggests that the OA process may begin much earlier than originally expected with risk factors for OA development including number of dislocations/subluxations, age at time of first dislocation, age at time of surgery, limitations in external humeral rotation, and rotator cuff involvement. 4, 32, 33 Thus, even though surgical stabilization is often recommended in this group, the development of OA in these patients' shoulders continues. 30 
Recurrent Patellar Instability
Recurrent patellar instability is a difficult problem affecting young athletes. While the incidence of acute patellar dislocation in the general population has been estimated at roughly 5.8 per 100,000 a year, in the highly active 10-17 year age group this number increases to roughly 29 per 100,000 people/year. 7 Roughly 61% of all episodes occur during sports or other types of exercise. 7 Females have a higher risk of patellar instability, with a roughly 33% higher incidence than males. 7 While the reasons for this are not entirely known, both anatomic and neuromuscular factors likely play an important role.
Patellar dislocation poses a major problem for young athletes because studies show that the recurrence rate can average anywhere from 15 to 44%, and patients with a prior history of dislocation are seven times more likely to suffer a subsequent episode of instability. 7, 34, 35 Even for patients who suffered from only one episode of instability, 52% of them experienced long-term sequelae limiting movement. 35 In addition, Fithian et al. found that the contralateral knees of these patients were at risk for subsequent dislocation by roughly six times more than the general population. 7 Although the reasons for this are not fully known, it is clear now that anatomic considerations play a role in placing patients at risk for patellar dislocation. Multiple anatomic factors such as patella alta, trochlear dysplasia, and increased tibial tubercletrochlear groove distance have been found to be 398 CARBONE AND RODEO significantly more common in patients with recurrent patellar dislocation. 36 Though these studies are important in identifying risk factors for recurrence, further study is required to understand the relative importance of these various factors and to identify which need to be addressed surgically. 8, 37, 38 Ankle Instability Despite the fact that the ankle is the most commonly injured joint in the body, and is subjected to more weight bearing force per square centimeter than both hips and knees, the prevalence of ankle arthritis is significantly lower than that of both knees and hips. 39, 40 The most common injury to the ankle is a rupture of the lateral ligaments which occurs at an estimated rate of one ankle per 10,000 people every day. 41 Of those ankle inversion injuries which suffer a complete tear, roughly 20% will go on to develop recurrent instability. 5, 41 One recent study showed that of these patients who have recurrent instability, 77% demonstrated chondral lesions, with rupture of the calcaneofibular ligament being an important indicator of severity of the chondral defect. 5 In one of the few prospective studies available, Lofvenberg et al. demonstrated that 13% of young patients (age 18-23) with chronic ankle instability treated non-operatively went on to develop radiographic evidence of arthritis by 20 years. 42 Despite the high prevalence of ligamentous ankle injuries, PTOA does not always develop, even in patients with known chondral lesions. In fact only 16% of ankle arthritis cases are due to ligamentous injuries. 43 Despite having much higher contact pressures than both the hip and knee, the articular cartilage of the ankle is actually thinner, stiffer, contains the highest glycosaminoglycan (GAG) content, is the most metabolically active, and has the highest turnover of the important cartilaginous protein aggrecan compared to both the hip and knee. 43 Please see Table 1 for a summary of the information presented in this section.
POTENTIAL MECHANISMS RESPONSIBLE FOR THE DEVELOPMENT OF PTOA
Joint Pathology at the Time of the Initial Injury During joint trauma, momentary extreme sheer and compressive forces on the articular surface create stress fractures through the cartilage matrix and even sometimes into the underlying bone, leading to separation of fragments of cartilage and bone from the underlying subchondral bone. 44 Given the lack of regenerative capacity of articular cartilage, it is no surprise that the damage done to the chondral surface at the time of injury is a major risk factor for the development of PTOA. 24, 45 This has been confirmed by studying intraarticular fractures of the ankle which demonstrate extremely high rates of PTOA development; even after surgical anatomic joint reduction. 46 Athletic injuries are sufficient to generate significant osteochondral injuries. One study reporting on patients with ankle instability found that 88% of ankles had arthroscopy-proven chondral lesions following a single episode of acute ligamentous injury, while 92% of patients with recurrent instability demonstrated chondral lesions. 47 An MRI study of cartilage damage following acute isolated ACL tears found that 100% of knees evaluated in their series demonstrated chondral damage after injury. 48 The more frequent use of MRI has demonstrated that traumatic sports injuries commonly lead to injury of the underlying subchondral bone, in addition to cartilage damage. A translational contusion injury with associated bone marrow edema is present in the vast majority of patients following ACL tear, and the area of the edema pattern has been found to be correlated with cartilage loss in subsequent years following injury, representing a major risk factor for the subsequent development of OA. 48, 49 However, while mechanical trauma is certainly a risk factor in the development of OA, it alone is insufficient at explaining why degradation of cartilage also occurs in non-traumatically affected areas of cartilage. For example, following ACL rupture, the most commonly damaged areas of the knee are the lateral tibial plateau and lateral femoral condyle; despite this, PTOA more commonly affects the medial compartment. 48 In contrast, patients who have meniscus tears and subsequently undergo menisectomy are more likely to develop OA in the same compartment where the tear occurred. 50 The pathogenesis of OA following knee ligament injury must be understood in greater detail to understand this apparent disconnect between location of initial injury and subsequent arthrosis. One factor that has been suggested as causative is the change in cartilage contact location and magnitude due to changes in kinematics following ACL injury, resulting in abnormal loading of cartilage in the medial compartment. 51 More specifically, we need to know how various external factors (such as changes in cartilage loading patterns, adaptability of those chondrocytes to changes in load and the resultant changes in inflammatory cytokines in the joint space) combine with each to either compensate and adapt to various structural deficiencies or induce irreversible changes leading to the development of OA.
Biologic Mediators
In addition to the initial mechanical injury sustained by articular chondrocytes, various inflammatory chemokines are released following injury, which has both immediate and longer lasting effects. Following ACL rupture it is known that numerous inflammatory cytokine levels (including TNF-a, IL-1b, as well as MMP-1,13) immediately increase to reach peak levels at roughly 24 h post injury. 52, 53 Elevated inflammatory cytokines can promote the development of PTOA via several different metabolic pathways. Most notably, cytokines such as TNF-a have been directly linked to the increase in activity in the apoptotic caspase pathway. 54 This is supported by the fact that the rate of chondrocyte apoptosis continues to increase in the days following injury. 55 Inflammatory cytokine levels gradually fall and reach normal levels, although the cytokine profile of synovial fluid in an ACL-deficient knee still demonstrates some differences even out to 1 year after injury. 50, 56 In addition to activation of the inflammatory response, mechanical activation of chondrocytes which occurs during injury has been shown to alter gene expression in chondrocytes and to activate various degradative enzymes including matrix metalloproteases (MMPs). 54 These MMPs play a role in degradation of extracellular matrix (ECM) proteins such as GAGs and collagens, whose levels also rise following injury, triggering further activation of MMPs. This creates a positive feedback cycle in which an initial mechanical injury to the articular cartilage may trigger progressive cartilage loss. These changes continue to persist long after the initial injury, with studies of synovial fluid demonstrating abnormalities in GAGs, lubricin, and collagen II beyond 12 months post-injury. 57, 58 At some point following a critical threshold of damage, this catabolic cascade can overwhelm the anabolic abilities of chondrocytes to repair the damage, leading to progressive cartilage loss and the development of PTOA.
Mechanical Changes
Following injury to a joint, damage to static stabilizing structures alters joint kinematics and contributes to abnormal mechanical loading of the joint surfaces. For example, following ACL rupture, a number of kinematic changes occur including an anterior shift in the resting tibial position, increased total anterior-posterior translation of the tibia, and increased internal and decreased external tibial rotation of the affected knee. 59 In fact, one recent MRI study was able to link the altered resting tibia position with detectable cartilage degeneration as early as 1 year post-ACL reconstruction. 60 In addition, the loss of proprioception normally afforded by the ACL may impair the ability of dynamic stabilizing structures such as the quadriceps and hamstring muscles in sensing alteration in joint positions. 61 Extensive rehabilitation work is often required in order to retrain stabilizing muscles to aid in joint stability.
Psychological factors such as pain and fear of reinjury may also play a role in biomechanical changes and can affect muscle function. For example, following an injury, patients may be hesitant to range their affected joint, resulting in stiffness, excessive scar tissue formation, and capsular fibrosis. These changes may also alter joint mechanics. Psychological factors may also affect muscle activation patterns, thus affecting the dynamic joint stabilizers. 62 The net result of these changes are abnormal forces and torques across a joint contributing to altered cartilage contact mechanics. 63 Chondrocytes are highly sensitive to their mechanical environment through various cytoskeletal elements. Alterations in these mechanical microevironments have been shown to induce changes in gene expression, to change structure and composition of the local ECM, and to alter the mechanical properties of the cartilage itself. 54 Surgery has generally failed to demonstrate the ability to change the natural history of cartilage degeneration and the development of PTOA. This perhaps can be attributed to an inability to completely recreate native joint mechanics. A number of variables affect surgical reconstruction of static stabilizers, including graft material, graft attachment points (tunnel placement), graft tension, and graft fixation, making it difficult to recreate normal joint kinematics. One recent study comparing ACL-reconstructed knees to the contralateral normal knee found that, despite surgery, 85% of reconstructed knees demonstrated abnormal tibia rotation during the weight bearing stance phase of gait. 64 In addition, changes in graft tensioning at time of surgery can lead to either overor under-constraint of the knee, further altering contact pressures along the joint surface. In addition to these "time zero" variables, ultimate graft function (and the resultant joint kinematics) is strongly affected by the biology of graft healing. 65, 66 The biomechanical loads on the graft have a significant effect on the biologic events in graft healing. 67 Another important kinematic consideration following joint injury is the effect of disuse atrophy and residual muscle weakness. Traumatic disruption of ligamentous static stabilizers place an increased demand on dynamic stabilizers; however, following injury, the immobilization of the joint to allow for decreased swelling and decreased pain can lead to disuse atrophy of the surrounding joint stabilizing musculature. Furthermore, reflex inhibition of muscle is a well-known phenomenon in the injured joint that further contributes to weakness of the dynamic stabilizers. Indeed, it was found that less than half of patients with ACL ruptures were able to achieve normal strength levels 2-5 years post-injury regardless of whether surgery was performed. 68 One study evaluating quadriceps weakness following ACL rupture found a direct correlation between quadriceps strength and joint space narrowing in patients with PTOA. 69 Adherence to specific rehabilitation protocols focusing on neuromuscular control, strength, and muscular symmetry may prevent or reverse these changes and more accurately recreate native joint mechanics, preventing or decreasing abnormal cartilage loading.
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CURRENT AND FUTURE METHODS OF DIAGNOSING EARLY DEGENERATIVE CHANGES
The inherent difficulty in early detection of OA is its relative paucity of symptoms early on in the disease process. One study found the prevalence of knee OA in asymptomatic patients over the age of 45 to be 11-12%, as demonstrated by radiographic changes. 71, 72 But even visible radiographic changes themselves are a late manifestation of disease and are most likely a sign that irreversible damage has occurred. 73 In fact, by the time classic changes of OA are seen on a standard radiograph more than 10% of total cartilage may be lost. 74 One of the difficulties in identifying OA is the variable and extended length of time between injury and the development of clinical OA symptoms. A potential reason for this is the variability in an individual's ability to adequately compensate for the structural changes that occur post-injury. Young, healthy athletes will tend to have thicker, more metabolically active cartilage with a higher capacity to adjust to mechanical changes. In addition, healthy, active patients generally will tend to have greater muscle strength in their dynamic stabilizing structures, which may also help to alleviate the new stresses placed on joints by structural deficiencies. These biologic and mechanical compensatory mechanisms likely play an important role in determining the length of time between injury and OA development. Ultimately, age-related changes in the metabolic activity of chondrocytes as well as declining muscle mass may render the affected joint unable to compensate for structural and mechanical deficiencies, resulting in progressive degenerative changes. Most studies have focused on single variables, such as gait patterns, joint laxity, cartilage thickness, and inflammatory synovial biomarkers when correlating risk factors with OA development. It will be necessary to take a more holistic approach, and to stratify risk by combining various factors (such as gait analysis, MRI, biomarkers, etc.) to create better insight into prognosis.
MRI
Magnetic resonance imaging (MRI) is currently the most sensitive modality to detect early degenerative changes in cartilage. While radiographic changes and the development of symptoms may take decades, one study using MRI demonstrated changes in cartilage thickness within the first year of ACL rupture, well before the onset of symptoms. 75 Newer, quantitative MRI techniques have provided the ability to detect early changes in cartilage microstructure and composition of the ECM, and biomechanical and metabolic alterations in chondrocytes. Changes in these properties may be correlated to the earliest stages of joint degeneration, even before standard MRI demonstrates changes. T1r is an important modality for the evaluation of proteoglycan content, 76, 77 while T2 relaxation times reflect collagen organization and water content. [77] [78] [79] [80] [81] The highly organized structural properties of cartilage with resultant extremely short T2 relaxation times reduce the sensitivity of standard T2 mapping in evaluating the deep layers of articular cartilage.
Ultrashort Echo Time (UTE)-T2
Ã is much more sensitive to short T2 relaxation times, and has been shown to accurately reflect collagen structural integrity and the state of cartilage degeneration, as validated by a comparison study to polarized light microscopy. [82] [83] [84] It is for this reason that UTE-T2 Ã has been proposed as a powerful new tool in detecting early changes in cartilage following injury and predicting the future development of PTOA. 85 Other papers in this issue provide further detail on imaging in PTOA.
Biomarkers
In addition to imaging, biomarkers that can be measured in biospecimens (blood, urine, and synovial fluid) have been proposed as a method of detecting early degenerative changes to cartilage following injury. From studies of synovial fluid sampling after injury, it is known that a number of metabolic changes in articular cartilage occur. However, REVIEW OF UNDERSTANDING OF PTOA FROM SPORTS INJURIES making sense of these changes and using them as predictors of clinical outcome has been difficult. There is a need for reliable biomarkers that are sensitive and specific for the earliest changes in joint tissues following injury to allow for early detection of injury, to provide prognostic information, and to monitor response to treatment.
Recent evidence suggests that collagen precursors and metabolites may provide a sensitive window into changes in chondrocyte metabolism. [86] [87] [88] Collagen II (the predominant type of collagen found in articular cartilage) and its biochemical precursors and metabolites, are some of the most widely studied targets. Patients with ACL rupture and subsequent reconstruction have increased collagen breakdown metabolites in their urine. 56 In addition, ACL-reconstructed patients demonstrating radiographic evidence of abnormal joint space width had significantly higher urine cleavage-to-serum synthesis ratio of collagen II products compared to healthy controls. 89 Because OA is a disease process characterized by inflammation, markers of inflammation may be the earliest warning signs of PTOA. Serum, urine, and synovial analysis of markers such as TNF-a, IL-1, and MMPs have all been evaluated as potential targets; however, limited consensus has been reached on which of these provide the best predictive value. 56 More research is needed not only to clarify changes in biomarker profiles following injury, but also to link these changes with patient outcomes. Prospective studies correlating objective patient outcome with changes in patients' biomarker profiles are needed to determine not only which biomarker expression profiles are significantly altered, but also how to use this information to predict prognosis and monitor response to treatments, ultimately improving patient outcome.
Implications for Patient Care
Although development of sophisticated MRI modalities and the identification of potential predictive biomarkers are promising, important questions remain. For example, how should we follow patients with these modalities? Which groups of patients would benefit from these methods of early detection? A critical limitation to the impetus to develop sensitive and reliable biomarkers is the absence of effective pharmacologic treatment agents or other therapeutic methods. "What should we do if we do detect early OA?" There are no known preventive procedures that have been shown to be effective in the long-term prevention of PTOA, and thus the implications of improvements in diagnostic testing are unclear.
CONCLUSION
PTOA accounts for a significant percentage of patients with end stage OA and as such, is a major issue due to its prevalence among young, active patients with otherwise few comorbid health conditions. PTOA can develop following several common sports injuries, including ACL rupture, meniscus injury, and instability of the shoulder, ankle, and patella. The frequency with which it affects younger patients creates a challenge as these patients are predisposed to an earlier onset of arthritis, impeding their ability to maintain an active and productive lifestyle. Ultimately, developing methods to slow or prevent the progression of PTOA may delay or eliminate the necessity for prosthetic joint replacement, which occurs significantly earlier in patients with PTOA compared to the general population.
Current research indicates that multiple mechanisms are responsible for the development of PTOA with no one specific pathway shown to be definitively responsible. Biologic, structural, and mechanical changes must be studied together, as it is the interaction between these factors that determines the risk and rate of progression of PTOA. The important research questions related to defining the mechanism-(s) of PTOA include a need to understand the structural and metabolic consequences of the initial mechanical injury, the role of the subsequent inflammatory response and associated MMP production, and the role of altered joint loading due to abnormal kinematics in the injured joint. Furthermore, we need to further our understanding of important patientrelated factors, such as activity level, age, sex, and muscle strength and proprioception in the affected limb. A critical unmet need is the development of sensitive methods to allow detection of PTOA prior to the development of symptoms and structural changes that are seen on imaging studies. Such information could eventually allow intervention at an early time point, when preventive or therapeutic measures may be effective.
The biggest question facing clinicians is how we can intervene immediately following injury to maximize protective factors while minimizing harmful ones. The advantage that we have is that the patient is often seen immediately following injury, providing the opportunity for early intervention. Further understanding of how mechanical loading and metabolic factors affect cartilage adaptation will suggest medical and/or surgical therapies, and will inform development of patient specific rehabilitation protocols which normalize joint mechanics and improve cartilage health.
